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Carbon films were deposited in a filtered cathodic vacuum arc with a bias potential applied to a
conducting mesh mounted in the plasma stream between the source and the substrate. We
determined the stress and microstructural properties of the resulting carbon films and compared the
results with those obtained using direct substrate bias with no mesh. Since the relationship between
deposition energy and the stress, sp2 fraction and density of carbon are well known, measuring
these film properties enabled us to investigate the effect of the mesh on the energy and composition
of the depositing flux. When a mesh was used, the film stress showed a monotonic decrease for
negative mesh bias voltages greater than 400V, even though the floating potential of the substrate
did not vary. We explain this result by the neutralization of some ions when they are near to or
passing through the negatively biased mesh. The microstructure of the films showed a change from
amorphous to glassy carbonlike with increasing bias. Potential applications for this method include
the deposition of carbon films with controlled stress on low conductivity substrates to form
rectifying or ohmic contacts.VC 2011 American Institute of Physics. [doi:10.1063/1.3562165]
I. INTRODUCTION
Carbon thin films have found a wide range of applications
including computer magnetic drive protection,1 biocompatible
surfaces2 and electrochemical electrodes.3 New applications
include heat sinks, vertical interconnects, sensors and
MEMS.4–10 Physical vapor deposition (PVD) techniques are
often used to synthesize carbon thin films. In PVD methods
such as sputtering and evaporation, the depositing species con-
sist mainly of low energy neutrals and the important process
parameters include substrate temperature, deposition rate and
background gas pressure.11 The energy of the depositing flux
is also an important parameter for determining the properties
of the deposited carbon.12 For example, high density tetrahe-
drally bonded amorphous carbon (ta-C) can only be synthe-
sized using an energetic flux in which the average energy lies
in the range 50–200 eV.13,14 It has been shown that films can
be grown with a wide variety of microstructures and physical
properties by controlling both the temperature and the energy
of deposition.15 As an example, highly oriented carbon films
have been deposited at room temperature from species with
an average energy of 400 eV.16
In cathodic vacuum arc deposition, the average ion
energy can be varied using a substrate bias17 since the flux
contains a high fraction of ions. Difficulties arise when biasing
poorly conducting substrates, as in general the surface poten-
tial will not equal the applied bias. Charge can also accumu-
late on the surface of a poorly conducting film and cause
damage during discharging.18 Two methods have been applied
to achieve successful energetic deposition onto poorly con-
ducting substrates using cathodic vacuum arc deposition. In
the first method, known as plasma immersion ion implantation
and deposition (PIII&D),19 pulsed biasing is applied to a con-
ductive backing electrode at a sufficiently high frequency to
allow capacitive coupling across the insulating substrate.20
PIII&D has been employed to implant carbon ions into poly-
mers from a cathodic arc plasma.21 In the second method, a
pulsed or DC bias voltage is applied to a mesh placed over or
around the substrate. Recently, TiN films were deposited onto
glass substrates using a biased mesh in a cathodic arc system
and the color and mechanical properties were found to com-
pare well with previously reported results from TiN films
deposited onto directly biased conducting substrates.22 The
success of the biased meshed techniques are not well under-
stood, but may be associated with energetic neutral species
created by the mesh. The presence of neutral atoms in ca-
thodic plasmas has been discussed by Anders,17 who noted
that their existence is difficult to quantify using conventional
plasma diagnostic techniques.
In this work, carbon films were deposited using a variant
of the second method, in which the bias was applied to a con-
ducting mesh mounted in the plasma stream between the
source and the substrate in a filtered cathodic vacuum arc
(FCVA) system. Electrical and deposition rate measurements
were used to investigate the effects of the biased mesh on the
plasma stream. We determine the stress and microstructural
properties of the resulting carbon films and compare the
results with those measured from carbon films prepared
using direct substrate bias. Since the relationship between
deposition energy and the properties (including stress, sp2
fraction and density) of carbon are well known,16,23 meas-
uring these film properties assisted our investigation into thea)Electronic mail: dougal.mcculloch@rmit.edu.au.
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effect of the mesh on the nature of the depositing flux. Such
information is difficult to acquire in any other way without
perturbing the deposition process.
II. EXPERIMENT
A double bend FCVA deposition system operating with
a 99.9% pure graphite cathode at an arc current of 57–72 A
and a base pressure less than 2 105 Torr was used to de-
posit carbon films onto conductive n-type silicon {100}
substrates (resistivity 1–10 X-cm). The substrates were
cleaned prior to deposition in an ultrasonic bath with ace-
tone then ethanol. The substrate holder was connected to a
regulated DC power supply, allowing films to be deposited
with a range of substrate bias voltages (Vs) from 100 V
toþ 100 V. A stainless steel mesh was placed between the
source and the substrate and connected to a second regu-
lated DC power supply, allowing independent control of the
mesh bias voltage (Vm) between 0 and 1 kV. The mesh
consisted of 0.45 mm diameter wire with open areas of
0.8 0.8 mm2. The plasma flow was normal to the surface
of the mesh and substrate, as shown in Fig. 1(a). The cur-
rents flowing through the substrate holder (Is) and mesh
(Im) to ground were measured during deposition. The ion
energy in the depositing flux was calculated from the
applied substrate bias by adding the plasma potential meas-
ured using a Langmuir probe.24
Two sets of samples were deposited. In the first set, the
mesh bias was varied between 0 and 1 kV and the substrate
was unbiased and left to assume floating potential. The mesh
was placed 11 mm in front of the substrate for the majority
of the film depositions but several samples were also depos-
ited with the mesh placed at 22 mm and 100 mm to investi-
gate the effects of mesh-sample separation. A second sample
set was deposited in which substrate biases were varied
between 100 and 100 V with mesh biases of 100 and
400 V. This sample set provided additional information on
the effect of the mesh on the depositing flux.
The thickness of the deposited films was measured using
a Tencor P-16 profilometer and ranged from 5 to 80 nm
depending on the bias conditions. The film stress was deter-
mined from substrate curvature using Stoney’s equation.25
Two curvature measurements were performed in orthogonal
directions on each substrate both before and after deposition
to obtain accurate stress values.
The microstructure of the films was characterized using
a JEOL 2010 transmission electron microscope (TEM) oper-
ating at 200 kV. Plan view samples were prepared using HF/
HNO3 acid etching of the silicon substrates. Electron energy
loss spectroscopy (EELS) was performed using a Gatan
Imaging Filter (GIF2000). The film densities were calculated
from the plasmon peak positions assuming a free electron
model and assuming that four valence electrons with an
effective mass of 0.88me (where me is the electron mass at
rest) took part in plasmon oscillations.26,27 EELS spectra
were also collected in the region of the carbon K-shell ion-
isation edge and used to provide an estimate of the fraction
of sp2 bonded carbon atoms within the deposited films.28
III. RESULTS AND DISCUSSION
Figure 2 shows the stress present in carbon films depos-
ited on a floating substrate as a function of the bias voltage
applied to the mesh. Results obtained previously from the
same FCVA system with direct biasing applied to the sub-
strate15 are shown for comparison. In films prepared with
direct biasing, the stress rises to a peak of 12 GPa near 75
V and then steadily decreases with further increase in nega-
tive bias voltage. This stress-voltage relationship can be
understood in terms of processes occurring in the vicinity of
‘thermal spikes’ created by energetic ion impacts.29 The
potential of the substrate (V) determines the energy (E) of
the impacting ions according to the relation
E ¼ E0 þ qeV ; (1)
where E0 is the natural energy of ions in the plasma q is the
charge state of the ions (measured to be approximately 1.0 for
carbon in a cathodic arc plasma30) and e is the electronic
charge. The natural ion energy E0 in our system was found to
be 20 eV, close to the value of 24.4 eV reported for a carbon
cathodic arc operating in vacuum reported by Anders.17 As
the energy of the impacts increases, stress is generated in shal-
low implantation events31 and reaches a maximum at energies
of  95 eV (corresponding to a bias voltage of 75 V). As
the impact energy increases above this value, the volume of
the thermal spikes increases, resulting in stress relief.31
FIG. 1. (a) A schematic diagram of the FCVA deposition chamber showing
the biased mesh and sample holder. Vm and Vs are voltages applied to the
mesh and substrate, respectively. Im and Is, are the currents flowing from the
mesh and substrate to ground. (b) A schematic representation of the energy
variation of the depositing species as a function of distance from the mesh.
The solid lines indicate the energy that an ion would have at each distance
for (1) no mesh bias and a substrate voltage of 0 V and (2) a large negative
mesh bias. The dashed line (3) shows the energy of a neutral formed in the
vicinity of the mesh by recombination of an ion with an electron.
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The stress in films prepared using a mesh and a floating
substrate shows a clear dependence on the bias applied to the
mesh. This indicates that in this configuration, the mesh also
affects the energy of the depositing species. However, the
maximum in the stress is not well defined and instead the
results are consistent with a monotonic decrease in stress
with bias. The effect of the spacing between the substrate
and the mesh appears insignificant since the points with dif-
ferent mesh-substrate separations overlap within experimen-
tal error.
The effect of the mesh on the potential distribution in
the plasma depends on the value of the sheath dimensions
relative to the hole size in the mesh. The sheath thickness
can be estimated using the Child law result32
schild ¼
ﬃﬃﬃ
2
p
3
kDe
2eVo
kTe
 3=4
; (2)
where kDe is Debye length, Te is the electron temperature
and e and k have their usual meanings. V0 is the potential
difference across the sheath. kDe is calculated from
32
kDe ¼ eokTe
ne2
 1=2
; (3)
where n is the plasma density and e0 is the permittivity of free
space.32 The plasma density was estimated from the flux of
depositing ions (at the mesh) and was found to be approxi-
mately 1.1 1015 m3, which is comparable to that reported
previously for cathodic arc plasmas.33 Using a previously pub-
lished estimate for the electron temperature in a cathodic arc
of 3–4 eV,34 the Debye length was calculated from equation
(3) to be 0.4 mm. Using equation (2), the Child law sheath
thickness is greater than the gap between wires in our mesh
(0.8 mm) for V0 greater than approximately 12 V. Therefore,
the mesh plane can be treated as an approximately equipoten-
tial surface for applied voltages on the mesh exceeding 32 V
in magnetude (since the plasma potential is20 V)
Figure 3 shows the floating potential on the sample
holder as a function of the bias on the mesh. When the mesh
bias is zero, the floating voltage is approximately 27 V. As
the mesh bias becomes more negative, the floating voltage
tends in the positive direction until it reaches a plateau at a
small positive voltage when the mesh bias reaches 400 V.
The increasingly positive floating voltage can be explained
by the repulsion of electrons in the plasma stream from the
negatively charged mesh which, from the analysis above, is
acting as an approximate equipotential plane. As the mesh
bias is increased negatively, the plasma potential on the
downstream side of the mesh and the floating voltage of the
substrate both increase. Therefore, the average deposition
energy decreases according to equation (1). This effect on
the ion energy through the effect on the floating potential, V,
is a likely cause of much of the reduction in stress from 10
GPa at 6 GPa as the mesh bias voltage increases negatively
from 0 to 400V (see Fig. 2). For negative mesh biases
exceeding 400 V, the floating potential is small and constant
so that from equation (1), the energy of impacting ions
should remain constant at approximately their natural ion
energy (E0). However, Fig. 2 shows that the stress in the car-
bon films continues to decrease as the mesh voltage becomes
more negative than 400 V, a decrease that cannot be
explained by changes in the floating potential of the substrate
holder.
In order to explain the continued reduction in stress in
the films for negative mesh biases greater than 400 V, we
propose that energetic neutrals are formed by recombination
of ions with electrons in the vicinity of the mesh. Figure 1(b)
shows a schematic of examples of the energy variation of the
depositing species versus distance from the substrate holder
FIG. 2. (Color online) The compressive stress in carbon films as a function
of bias voltage applied directly to the substrate (squares) compared to the
stress in films deposited on substrates at floating potential and with bias
applied to a mesh located at the indicated distances from the substrate.
FIG. 3. The floating voltage of the substrate holder for a range of mesh
biases for a mesh-sample holder separation of 11 mm.
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to the plasma entry port in the deposition chamber. Solid line
(1) represents the energy of an ion as it travels to the sub-
strate with no mesh bias and a substrate voltage of 0 V. In
this case, the ion is deposited with an energy equal to the nat-
ural energy (E0). Assuming a mesh biased more negatively
than 400 V, which gives rise to a small and constant float-
ing substrate potential (see Fig. 3), solid line (2) shows the
energy of an ion passing through the mesh. Assuming the ion
remains ionized and does not experience collisions, it will
accelerate when it encounters the sheath in front of the mesh
and reach a peak energy given by Eq. (1) with V¼Vm. Upon
transmission through the mesh, the ion would then decelerate
and arrive at the substrate with its original energy of E0. The
spatial variation of the potential after the mesh is expected to
be approximately linear since there is no sheath in the ab-
sence of electrons. However, if a portion of the ions become
neutral at some point on their trajectory through the mesh,
the resulting neutral atoms can retain the energy of the ions
at the point where they are neutralized. The dashed line (3)
shows an example of an ion becoming a neutral near the
mesh and deposited with an energy equal to E0þ eVm
according to Eq. (1). Recombination of ions with electrons is
likely to occur in the vicinity of the mesh since there will be
a population of secondary electrons generated by collision
between ions and the mesh. The region of positive space
charge after the mesh will be attractive to secondary elec-
trons leading to the possibility of recombination. The energy
distribution of the deposited neutral atoms will influenced by
the value of Vm, explaining the continuing decrease in film
stress for Vm more negative than 400 V.
Figure 4 shows the current flowing through the substrate
holder (Is) as a function of mesh bias (Vm) for various biases
applied to the substrate holder (Vs). The results show that for
zero mesh voltage and a positive substrate holder voltage
(closed symbols), there is a negative conventional current as
electrons flow from the holder to earth. This is expected for a
cathodic arc plasma in which the majority of the current is
carried by electrons. On the other hand, for negative substrate
holder voltages (open symbols), any electrons that pass
through the mesh are repelled at the substrate while ions are
attracted to it, leading to a small positive conventional current.
For large negative mesh voltages, electrons are repelled at the
mesh and only ions can pass to the substrate. The mesh is then
acting as an ion extractor as commonly used in ion guns.35,36
The ion beam is expected to be divergent due to its positive
space charge. This again leads to a small positive conventional
current when the substrate holder is negative (open symbols),
arising from ions collected at the substrate. This ion current is
reduced to zero when the substrate holder is positive (closed
symbols) and is replaced by a small negative current arising
from the collection of stray electrons.
Figure 5(a) shows the dependence of deposition rate on
the substrate bias for mesh biases of 100 V and 400 V.
When the substrate bias is negative, electrons are repelled
from the substrate while ions are attracted to it. Under these
conditions, the deposition rate was higher when the mesh bias
was 400 V than for 100 V. We attribute this increased
deposition rate to the transport of a greater number of ions
FIG. 4. (Color online) The current flowing through the substrate holder as a
function of mesh bias for the substrate biases indicated.
FIG. 5. (Color online) The (a) deposition rate and (b) compressive stress of
carbon films deposited on Si substrates as a function of substrate bias, Vs, for
mesh biases, Vm, of 100 and 400 V. In (a), the residual deposition rate at
þ100 V substrate voltage is evidence for neutrals in the flux.
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through the mesh so that the mesh acts as a kind of ion “lens.”
When the substrate bias was made positive, the number of
ions with sufficient energy to reach the substrate against the
opposing field decreased, leading to a reduction in the deposi-
tion rate. Note however, that the deposition rate did not reach
zero, even when the substrate bias was increased to þ100 V.
This provides further evidence that there are neutral species in
the flux that are not repelled by the positive substrate bias. We
estimate this neutral flux to makeup between 10 and 20% of
the total flux, calculated by comparing the deposition rate
with a small negative substrate bias (both ions and neutrals de-
posited) with that obtained using the largest positive substrate
bias (only neutrals deposited).
Figure 5(b) shows the stress measured in the films of
Fig. 5(a) as a function of substrate bias. When the mesh bias
voltage is increased from 100 V to 400 V, the well
defined peak in the stress at a substrate bias of 50 V disap-
pears. The peak at approximately 50 V is expected from
the results of direct substrate bias (Fig. 1). We interpret this
result as a consequence of the partial neutralization of ions
in the vicinity of a negatively biased mesh, leading to a bi-
modal population, with ion and neutral components. Only
the energy of the ion component is affected by substrate bias
so that fewer species have the optimum energy for stress
generation. This leads to a smearing out of the stress maxi-
mum at a mesh bias of 100 V and its complete removal at
mesh bias of –400V. Positive substrate biases reduce the
energy of the remaining ions present, resulting in films with
low stress. The mesh allows films to be grown with low
energy species, a process difficult to achieve with conven-
tional cathodic arc deposition onto a positive biased sub-
strate, owing to the large currents of electrons that would be
drawn.
Figure 6 shows the sp2 fraction and density of carbon
films deposited on Si substrates as a function of substrate
bias and a mesh bias of 100 V. The density was found to
be proportional to the sp2 fraction, as expected for carbon
films37,38 and both these quantities correlate with the film
stress as demonstrated for directly biased substrates.39 The
minimum sp2 fraction of films in Fig. 6 is greater than typi-
cally reported for ta-C as expected from the lower maximum
stress. Figure 7 shows a TEM image and diffraction pattern
of a film prepared at floating substrate potential with a mesh
bias of 600 V. The image shows regions of parallel fringes
separated by approximately 3.5 A˚, corresponding to aligned
graphitic planes. The diffraction pattern shows rings which
have been indexed to graphite and provide evidence for pre-
ferred orientation. This type of graphitic microstructure has
been observed in films prepared at room temperature using
direct substrate biases between 400 and 600 V.15
IV. CONCLUSION
In this study, we have investigated the properties of car-
bon films deposited in a FCVA system using a biased mesh
placed in front of the substrate. We have shown that a biased
mesh enables carbon films with a variety of microstructures
to be deposited onto nonbiased substrates in a FCVA system.
The results show that the bias voltage of the mesh influences
the stress and other properties of the deposited film. We find
FIG. 6. The (a) sp2 fraction and (b) density of carbon films deposited on Si
substrates as a function of substrate bias for a mesh bias of 100 V.
FIG. 7. High resolution TEM image of a film prepared with a mesh bias of
600 V and without substrate bias. The inset shows a diffraction pattern
from the film and indexed to graphite.
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that the biased mesh influences the energy distribution of the
depositing flux both through its influence on the substrate
potential and by neutralizing some of the ions. We propose
that the energetic neutrals generated by neutralizing ions in
the vicinity of the mesh play an important role in determin-
ing the properties of the deposited film.
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